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In [Opt. Lett. 30, 720 (2005)] it is proved that the deposition of an overlay of higher 
refractive index than the cladding on a Long Period Fiber Grating causes large shifts in the 
attenuation bands induced by the grating. The result is an enhancement of the sensitivity of 
the LPFG against the ambient and overlay refractive indices or the overlay thickness. In 
this work, the limitation of the previous design to materials with higher refractive index 
than the cladding of the LPFG is overcome with a five-layer model. To this purpose, a first 
overlay of higher refractive index than the cladding of the LPFG will enhance the 
sensitivity of the device to variations in the refractive index of a second overlay of lower 
refractive index than the cladding of the LPFG. Moreover, it is proved that if the second 
overlay is thick enough, its behavior resembles that of an infinite layer.  
OCIS codes: 050.2770, 060.2430, 260.2110, 310.1860    
Deposition of thin overlays on the cladding of Long Period Fiber Gratings (LPFGs),1-4 widens 
the possibilities of so far analysed cases: LPFGs surrounded by an infinite medium of lower 
refractive index than the cladding,5,6 and LPFGs surrounded by an infinite medium of higher 
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refractive index than the cladding.7-9 If the refractive index of the material deposited on the 
overlay of the LPFG is higher than the cladding, the overlay starts guiding one of the cladding 
modes if it is thick enough.2 As a result, there is a reorganization of the effective index of the rest 
of cladding modes, which is confirmed by analysis of the evolution of the fields in the structure 
as a function of the overlay thickness.2 Cladding modes with lower effective index than the one 
that is guided by the overlay will shift their effective index value towards the effective index of 
the immediate higher effective index mode. As more material is deposited, the effective index 
distribution before deposition is recovered.3 With the hybrid mode analysis performed in this 
work the idea remains the same. It must be considered that in the case of no azimutal 
perturbation there is a correspondence between LP0,j modes and HE1,j modes. Consequently, each 
HE1,j mode will shift its effective index to that of the immediate lower order HE1,j mode of the 
LPFG without overlay. A thorough comparative between the LP and hybrid mode approximation 
will be offered in a next work. 
This variation of the effective indices of the cladding modes has an important effect in the 
attenuation bands of the transmission spectrum of the LPFG because there is a close relation 
between the wavelengths of these bands and the modified Bragg condition:5 
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where 11 and 1j are the propagation constants of the core and the j cladding modes respectively, 
11,11 and 1j,1j are the self-coupling coefficients of the core and the j cladding modes, s0 is the 
coefficient of the first Fourier component of the grating, and  is the period of the grating. 
The immediate consequence of the shift in effective index is that it leads to a displacement in all 
the attenuation bands. The attenuation band corresponding with the HE1,16 (respectively LP0,9 
mode) shifts the wavelength to that of the HE1,14 (respectively LP0,8 mode); the same is true for 
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the HE1,14 (respectively LP0,8 mode) that shifts the wavelength to the attenuation band of the 
HE1,12 (respectively LP0,7 mode), and so forth. Langmuir Blodgett (LB) and Electrostatic-Self 
Assembly (ESA) methods,1,3 have proved this fact by analyzing the consequent shift of the 
attenuation bands in the transmission spectrum of the LPFG as a thin overlay is deposited on the 
cladding. There exist overlay thickness values where the shift in wavelength as a function of 
ambient and overlay refractive indices, and overlay thickness, is maximum.2 Unfortunately, these 
points coincide with a vanishing of the attenuation bands due to the imaginary part of the overlay 
refractive index,3 the variation of the cross-coupling constant, and probably because of other 
causes, as for example radiation and interface between the regions with and without deposition. 
Anyway, even out of these points there is an enhancement of sensitivity to variations in the 
ambient refractive index and overlay refractive index. This last fact has been proved with spin 
coating of a material sensitive to chloroform on the cladding of an LPFG.4 The overlay refractive 
index variation induced by the concentration of chloroform in water causes an appreciable 
wavelength shift, which agrees with theoretical predictions. 
If the purpose is to detect variations in the refractive index of the material deposited due to some 
parameter, the design is limited to materials with higher refractive index than the cladding.4 This 
can be solved with the multilayer structure presented in Fig.1. An LPFG is coated with a first 
overlay of higher refractive index than the cladding to cause a shift of the attenuation bands in 
the transmission spectrum. The thickness of the overlay is chosen to guarantee that the 
attenuation band is located at a point where there is a good sensitivity and where it does not 
vanish at the same time. Then, a second material is deposited on the first overlay. The refractive 
index of this second overlay is lower than the cladding of the LPFG and its material is sensitive 
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to some parameter. In this way, its variation will shift the attenuation bands in the transmission 
spectrum more than without the first overlay.  
The parameters of the LPFG are: core diameter of 5 m, cladding diameter 125 m, core 
refractive index 1.4573, cladding refractive index 1.45, period of the grating 276 µm, and length 
of the grating 25 mm. The modulation is considered sinusoidal with an amplitude of 2.710-4. 
The first overlay material is [PDDA+/PolyR-478-].3 A refractive index 1.62 has been estimated 
with the same technique used in Ref 10. The second overlay material is [PAH+Prussian 
Blue+/PAA] with refractive index 1.37.10 Both refractive index values have been considered 
constant in the range of wavelengths analysed. 
Focus will be centered now on the HE1,16 mode (fifteen cladding mode) resonance. In Fig. 2 it is 
appreciated the shift as a function of the overlay thickness of the resonance wavelength of the 
HE1,16 mode to that of the HE1,14. The wavelength shift is analysed for three different ambient 
refractive indices: 1 (air), 1.33 (water), and 1,37 ([PAH+ Prussian Blue+/PAA]). The higher is 
the ambient refractive index, the sooner starts the transition of the resonance wavelength. In 
addition to this, the shift is more abrupt, which is better in terms of sensitivity. In view of the 
range of wavelengths where the resonance wavelength of the HE1,16 mode shifts, a deposition 
thickness of 68.72 nm is selected for ambient refractive index 1.37. This is the case where an 
infinite second overlay of [PAH+ Prussian Blue+/PAA] is deposited on the first overlay. The 
result is that the HE1,16 resonance is shifted to 1450 nm, a point where no vanishing of the 
resonance occurs3 and where the sensitivity has been improved if compared with the LPFG 
without overlay. A trade off between both factors must be obtained for an optimum design. The 
fact that sensitivity has been improved with this design is confirmed by comparing with the 
results of an LPFG without overlay. If both designs are surrounded by a medium of refractive 
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index 1.37 (approximately that of [PAH+Prussian Blue+/PAA]) and there is a variation of the 
ambient refractive index, we can see in Fig. 3 that the wavelength shift for the LPFG with 
overlay is almost double than that of the LPFG without overlay. If the thickness of the overlay is 
increased, a higher wavelength shift is induced at a risk of a vanishing of the resonance 
wavelength. 
Once it has been proved that an overlay permits to improve the sensitivity to the surrounding 
medium of lower refractive index than the cladding of the LPFG, it will be analysed the effect of 
a second overlay on the cladding of the LPFG. In Fig. 4 it is represented the first overlay 
thickness necessary to shift the HE1,16 resonance wavelength to 1450 nm, as a function of the 
thickness of the second overlay, whose refractive index is assumed to be 1.37. The ambient 
refractive index is 1 (air). The result is that as the second overlay is thicker, the value of the first 
overlay that guarantees that the resonance wavelength of the HE1,16 mode is 1450 nm, trends to 
the value of the LPFG with second overlay of infinite thickness. This has been plotted in dotted 
line as the value the results should diverge to. From Fig. 4 it can be concluded that there is a 
trade off between the first overlay thickness and the second overlay thickness to obtain a specific 
resonance wavelength. 
Finally, in Fig. 5 the sensitivity to variations in the refractive index of the second overlay is 
analysed for different thickness values of this second overlay. Here it is proved that as the 
thickness increases the sensitivity improves. This sensitivity is related to the slope of the 
resonance wavelength as a function of the variation in the refractive index of the second overlay. 
At 1400-1600 nm of overlay thickness it stabilizes, which indicates that the second overlay 
resembles an infinite surrounding medium.  
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In summary, this is the first time a coupled mode analysis method based on hybrid modes has 
been applied for analyzing LPFGs with two overlays deposited on the cladding. The first overlay 
presents a higher refractive index than the cladding of the LPFG, whereas the second overlay 
presents a lower refractive index than the cladding. Under these conditions there exists a trade 
off between the thicknesses of both overlays to fix the resonance at a specific wavelength. The 
first overlay improves the sensitivity of the second overlay to variations in the refractive index of 
the second overlay. This widens the enhancement of sensitivity studied for overlays of higher 
refractive index than the cladding,2 to deposition of materials of lower refractive index than the 
cladding of the LPFG. In addition to this, the thicker is the second overlay, the more sensitive is 
the device. Moreover, it has been proved that when the second overlay is thick enough, the 
sensitivity stabilizes to that of an LPFG with one overlay of finite thickness and a second overlay 
of infinite thickness. The consequence of this is that nanodeposition techniques can be applied to 
obtain artificially infinite surrounding media, with its important application in sensors field.  
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Figure captions 
Fig. 1: LPFG structure with two overlays deposited on the cladding. 
Fig. 2: Resonance wavelength shift of HE1,16 cladding mode resonance as a function of the thickness of 
the overlay. Three ambient refractive indices are analysed: 1 (air), 1.33 (water), and 1,37 ([PAH+ 
Prussian Blue+/PAA]). 
Fig. 3: Resonance wavelength of HE1,16 cladding mode as a function of ambient refractive index for an 
LPFG without overlay and an LPFG with overlay of 68.72 nm and refractive index 1.62. 
Fig. 4: First overlay thickness value for fixing HE1,16 cladding mode resonance to 1450 nm as a function 
of second overlay thickness. 
Fig. 5: Resonance wavelength of HE1,16 cladding mode of an LPFG with two overlays as function of the 
refractive index of the second overlay. The refractive index of the first overlay is 1.62 and the ambient 
refractive index is 1 (air). 
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Fig. 1 
c la d d in g
a m b ie n t
p e r io d
In p u t O u tp u t
c o re
n
h
n
l
f irs t o v e r la y s e c o n d  o v e r la y
 
 10 
Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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